Background/Aims: Disease-modifying therapy for Alzheimer's disease (AD) has led to a need for biomarkers to identify prodromal AD and very early stage of AD dementia. We aimed to identify the cutoff values of cerebrospinal fluid (CSF) biomarkers for detecting prodromal AD. Methods: We assessed 56 patients with amnestic mild cognitive impairment (aMCI) who underwent lumbar puncture. Additionally, 87 healthy elderly individuals and 34 patients with AD dementia served as controls. Positron emission tomography was performed using florbetaben as a probe. We analyzed the concentration of Aβ 1-42 , total tau protein (t-Tau), and tau protein phosphorylated at threonine 181 (p-Tau 181 ) in CSF with INNOTEST enzyme-linked immunosorbent assay. Results: For the detection of prodromal AD in patients with aMCI, the cutoff values of CSF Aβ 1-42 , t-Tau, and p-Tau 181 were 749.5 pg/mL, 225.6 pg/mL, and 43.5 pg/ mL, respectively. To discriminate prodromal AD in patients with aMCI, the t-Tau/Aβ 1-42 and p-Tau 181 /Aβ 1-42 ratios defined cutoff values at 0.298 and 0.059, respectively. Conclusions: CSF biomarkers are very useful tools for the differential diagnosis of prodromal AD in aMCI patients. The concentration of CSF biomarkers is well correlated with the stages of the AD spectrum.
Introduction
Mild cognitive impairment (MCI) is defined as a transitional stage between normal aging and dementia and is based on stage 3 of the Global Deterioration Scale (GDS) [1] . In 2004, the Key Symposium in Sweden published consensus criteria for MCI to expand the concept of MCI beyond the memory domain [2, 3] . MCI includes impairment in both memory and nonmemory cognitive domains [2, 4] . MCI patients could be classified into two groups: amnestic MCI (aMCI) and nonamnestic MCI (naMCI) [2, 3] . The classification by subtype could possibly predict the type of dementia that MCI patients may develop [2] . Because of the heterogeneity of the clinical presentation and underlying etiologies within the MCI group, there is no documented treatment for MCI. Furthermore, the clinical course of MCI is more heterogeneous than distinctive. In several previous longitudinal studies, aMCI was closely associated with a high risk of progression to Alzheimer's disease (AD) dementia [5] [6] [7] [8] [9] . MCI could provide significant information on the risk of becoming demented, and so it is a stage at which intervention could be effective in preventing conversion to dementia [3] .
However, not all cases of aMCI progress to AD dementia, and some cases even return to normal [9] . It is conceivable that cognitive deficits can be attributable to a variety of medical and psychiatric illnesses instead of AD. Therefore, identifying MCI patients who will progress to AD dementia simply based on the clinical criteria for MCI may be inadequate. A new set of criteria has been proposed by the National Institute on Aging-Alzheimer's Association (NIA-AA) workgroup to further define MCI due to AD [10] , or proposed by the International Working Group (IWG-2) to define prodromal AD [11] , incorporating pathological biomarkers consistent with AD. In addition, diagnostic research criteria for AD have recommended the use of cerebrospinal fluid (CSF) biomarkers to determine the etiology and prognosis in persons with MCI [10] [11] [12] [13] . These new criteria would certainly improve the predictive value for the diagnosis of MCI. However, amyloid imaging, in particular, is expensive and not easily accessible to most primary care physicians, limiting its applicability.
Vandermeeren et al. [14] first demonstrated increased CSF tau concentration in AD. Since then, many reports have demonstrated that CSF biomarkers, in addition to neuropsychological tests or magnetic resonance imaging (MRI), increased the accuracy to predict progression to AD dementia in MCI patients [15] [16] [17] [18] . CSF tau concentration especially may be considered as a potential biomarker for AD or a marker of neurodegeneration in MCI patients. However, the authors considered only conversion of AD dementia from MCI during the follow-up period, but not amyloidosis in MCI individuals at baseline. In addition, none of the previous reports have considered the IWG-2 guidelines in staging the AD spectrum.
The aims of this study were to determine the value of CSF biomarkers for differentiating prodromal AD from other MCI types in a group of patients with clinically diagnosed aMCI, and to assess whether they could serve as a gold standard as CSF biomarkers for prodromal AD.
Participants
Subjects were prospectively recruited from two centers: Chonnam National University Hospital, and Chosun University Hospital including the National Research Center for Dementia in Gwangju, Korea. We prospectively collected data from 198 patients from September 2015 to August 2017. All subjects were examined by experienced neurologists and received a full dementia screening test, which included past history, neurological examination, laboratory and neuropsychological tests, and brain MRI. In addition, 177 of the 198 subjects underwent brain amyloid positron emission tomography (PET) and CSF analysis within 1 year from the screening test. The exclusion criterion was diagnosis of dementia due to causes not related to AD.
Clinical and Neuropsychological Assessments
Clinical assessments were undertaken according to the recommendations in the European Federation of Neurological Societies guideline [19] . All subjects were examined with a clinical interview including Clinical Dementia Rating [20, 21] and GDS. Two activities of daily living (ADL) scales were included in the battery: the basic ADL and the instrumental ADL [22, 23] . Demographic data included age, sex, and years of education. Global cognitive function was measured by the Korean version of the Mini-Mental State Examination (K-MMSE) [24, 25] .
Neuropsychological assessment was conducted using the Seoul Neuropsychological Screening Battery, which measures attention, language and associated functions, visuospatial, memory, and frontal/executive functions [26] . Attention was evaluated using the digit span test (forward and backward). Language was evaluated using the Korean version of the Boston Naming Test. Visuospatial function was tested using the copy score of the Rey-Osterrieth Complex Figure Test. Memory was evaluated using the Seoul Verbal Learning Test (three learning-immediate recall trials of a 12-item list, a 20-min delayed recall trial, and recognition) and Rey-Osterrieth Complex Figure Test immediate recall and a 20-min delayed recall and recognition. Frontal/executive function was evaluated using the go-no-go test/contrasting program test, the Controlled Oral Word Association Test, and Stroop test. Cognitive impairment was defined as a Z-score <-1.5 standard deviation (normed for age and education) on at least one of the neuropsychological tests, which could be a memory, language, visuospatial function, attention, or frontal/executive test.
A routine blood test for dementia included complete blood count, biochemistry, thyroid function test, and syphilis serologic tests. For apolipoprotein E (APOE) genotyping, genomic DNA was extracted from 196 of the 198 participants using a commercially available kit (QuickGene DNA Whole Blood Kit, KURABO, catalog No.: DB-S). APOE genotyping was performed by SNaPshot-mediated SNP genotyping assays (Applied Biosystems) at DNALink (Seoul, South Korea).
Brain MRI was performed on all patients. The MRI protocol included a three-dimensional volumetric T1-weighted (T1W) sagittal scan, an axial T2W, an axial T2W fluid-attenuated inversion recovery, and a diffusion tensor image with slices angled parallel to the axis through anterior and posterior commissures and taken from the foramen magnum to the vertex. All patients who had structural brain lesions or severe subcortical white matter hyperintensities (WMH > D3P3; P3 = periventricular WMH's cap or band ≥10 mm; D3 = maximum diameter of deep WMH ≥25 mm) based on the Clinical Research Center for Dementia of South Korea WMH visual rating scale [27] were excluded.
Brain Florbetaben PET Imaging Acquisition and Analysis
Brain PET images were acquired from participants 90-100 min after intravenous injection of a mean dose of 303 MBq 20% florbetaben, a fluorine-18-labeled stilbene derivative with the trade name of NeuraCeq [29] , according to a standardized acquisition and imaging protocol in two hospitals. The florbetaben radiosynthesis, PET imaging scan, and data processing were performed as previously described in detail [30, 31] . PET data were acquired with a Discovery STE PET-CT scanner (GE Medical Systems, Milwaukee, WI, USA).
The visual assessment of florbetaben PET images was performed in transaxial images using a gray scale by trained readers (J. Kim and H.-C. Song). Each brain region (frontal cortex, lateral temporal cortex, parietal cortex, and posterior cingulate cortex/precuneus) was visually assessed and scored according to the brain beta-amyloid plaque load (BAPL) scoring system for each PET scan. BAPL score: 1 = no beta-amyloid load, 2 = minor beta-amyloid load, 3 = significant beta-amyloid load. BAPL scores of 1 are classified as beta-amyloid-negative PET scan, and BAPL scores of 2 and 3 as beta-amyloid-positive PET scan [32] .
Classifications by Amyloid PET
Twenty-one of the 198 subjects who were classified by clinical diagnosis were excluded. Of these, 9 subjects had naMCI. The other 12 subjects (8 normal, 2 aMCI, and 2 AD dementia) were not administered amyloid PET tracer. Finally, 177 subjects were selected (87 normal subjects, 56 aMCI patients, and 34 AD dementia patients) ( Fig. 1 ; Table 1 ).
Patients who were diagnosed with prodromal AD in this classification met the IWG-2 guidelines based on amyloid PET results [11] . In this classification, 14 of 87 normal elderly people were amyloid-positive, named "preclinical AD," 27 of 56 aMCI patients, named "prodromal AD," and 31 of 34 AD dementia patients were amyloid-positive ( Fig. 1 ; Table 2 ). CSF Analysis CSF samples were obtained by lumbar puncture with aseptic technique at the L3-L4 or L4-L5 intervertebral spinous process space, using a 22-or 21-gauge needle, between 8 a.m. and 10 a.m. CSF was collected in Falcon polypropylene tubes (BD Biosciences, Franklin Lakes, NJ, USA), and the first 2-3 mL of CSF were analyzed for routine chemical parameters, including cell count as well as glucose and total protein concentrations. Within 15 min, the remaining CSF samples were centrifuged for 10 min at 2,000 rpm at 4 ° C to remove cells, aliquoted to 0.45-mL-samples in polypropylene tubes, and then stored at -80 ° C until analysis. CSF biomarker concentrations of Aβ 1-42 , Aβ 1-40 , total tau protein (t-Tau), and tau protein phosphorylated at threonine 181 (p-Tau 181 ) were measured in duplicate using a commercially available double antibody sandwich enzyme-linked immunosorbent assay kit (INNOTEST; Fujirebio, Gent, Belgium) according to the manufacturer's protocol. Absorbance was measured at 450 nm using a SpectraMAX M3 microplate reader (Molecular Devices, San Jose, CA, USA). We calculated derived ratios from single biomarkers including Aβ 1-42 /Aβ 1-40 , t-Tau/Aβ 1-42 , and p-Tau 181 /Aβ 1-42 ratios. The team involved in CSF analyses was blinded to the clinical diagnosis.
Statistical Analyses
For the statistical analyses, the IBM SPSS software version 24.0 for Windows (IBM, Armonk, NY, USA) was used. The participants were grouped by the states of the clinical diagnosis, the amyloidosis on amyloid PET, and the combination of them for the statistical analysis. The normality of the continuous variables was tested using the Shapiro-Wilk test. The clinical and demographic characteristics of the subgroups were compared among the clinically defined three groups and between the defined two subgroups using one-way analysis of variance and χ 2 tests for continuous and categorical variables, respectively. The levels of CSF biomarkers including Aβ 1-42 , Aβ 1-40 , t-Tau, and p-Tau 181 as well as scores on neuropsychological, clinical, and functional measures were compared between groups using analysis of covariance with post hoc analyses (LSD test). Receiver operating characteristic (ROC) curves were depicted with the true-positive fraction (sensitivity) and the false-positive fraction (1 -specificity) by SPSS software 24.0. The area under the curve (AUC) was estimated from each ROC curve using an empirical method (confidence interval at 95%) [33] , because it does not make the strong normality assumptions and was used as an index of test performance. The specificities and sensitivities of each CSF biomarker level, the ratios of CSF biomarkers, or the combinations of CSF biomarkers for the indicated pairs were optimized using the ROC curve. In addition, the cutoffs for each biomarker were the scores that yielded the highest sum of sensitivity and specificity. The sensitivity and specificity were calculated for each cutoff value. A p value < 0.05 was considered statistically significant in the analysis.
Results

Characteristics and CSF Data of Study Participants with Clinical Diagnosis
The clinical characteristics and CSF data of 177 subjects are presented in Table 1 . There were 87 normal elderly people, 56 aMCI patients, and 34 AD dementia patients. The mean age of the normal, aMCI, and AD dementia subjects was 71.7 ± 5.8, 71.5 ± 8.0, and 69.4 ± 6.0 years, respectively. Age and sex were not statistically different in these three groups (Table 1) . Education level was statistically lowest in AD dementia patients. APOE ε4 allele carrier status was observed in 22 normal subjects (25.3%), in 24 patients with aMCI (42.9%), and in 20 patients with AD dementia (58.8%). The frequency of APOE ε4 allele was significantly higher in AD dementia patients than in normal subjects and in aMCI patients (p < 0.001). The K-MMSE scores were significantly lower in AD dementia patients (18.5 ± 5.4) than in aMCI patients (25.5 ± 3.6) and in normal subjects (26.7 ± 2.6) (p < 0.001). The Clinical Dementia Rating and sum of box scores, GDS, and instrumental ADL were statistically lower in the normal group compared to the aMCI and AD dementia groups (p < 0.001) ( Table 1) .
The CSF concentrations of Aβ 1-42 were highest in the normal group (982.4 ± 236.5 pg/ mL) compared to the aMCI (771.0 ± 317.0 pg/mL) and AD dementia (559.0 ± 311.0 pg/mL) groups (p < 0.001). CSF Aβ 1-42 levels can be different in aMCI, AD dementia, or normal subjects. The CSF concentrations of t-Tau were highest in the AD dementia group (487.5 ± 218.6 pg/ mL) compared to the normal (247.9 ± 105.2 pg/mL) and aMCI (303.8 ± 229.7 pg/mL) groups (p < 0.001). CSF t-Tau levels can also be different in AD dementia, aMCI, or normal subjects. The CSF concentration of p-Tau 181 in the AD dementia group was 72.6 ± 28.0 pg/mL, which was statistically higher than in the normal (47.6 ± 17.9 pg/mL) or aMCI (53.1 ± 29.9 pg/mL) groups. CSF p-Tau 181 levels can also be different in AD dementia compared to normal or aMCI subjects ( Table 1) .
Characteristics and CSF Data of Study Participants with Amyloid PET
On the basis of amyloidosis, 177 subjects were classified into 87 normal elderly people (73 amyloid-negative and 14 amyloid-positive), 56 of the aMCI group (29 amyloid-negative and 27 amyloid-positive), and 34 of the AD dementia group (3 amyloid-negative and 31 amyloid-positive) ( Table 2 ). APOE ε4 allele carrier status was observed in 8 normal amyloidpositive subjects (preclinical AD, 57.1%), in 18 amyloid-positive aMCI patients (prodromal AD, 66.7%), and in 20 amyloid-positive AD dementia patients (64.5%). Statistically, CSF Aβ 1-42 protein levels were lower in prodromal AD (548.2 ± 214.9 pg/mL) compared with aMCI amyloid-negative patients (978.4 ± 249.2 pg/mL), whereas CSF p-Tau 181 levels were higher in prodromal AD (62.4 ± 32.3 pg/mL) compared with amyloid-negative aMCI patients (44.4 ± 24.9 pg/mL). However, CSF Aβ 1-40 protein and CSF t-Tau levels showed no statistical difference between prodromal AD and amyloid-negative aMCI patients. Preclinical AD patients had statistically lower CSF Aβ 1-42 (643.0 ± 171.1 pg/mL) and higher t-Tau (300.6 ± 132.0 pg/mL) compared with normal amyloid-negative subjects (1,047.5 ± 186.6 and 237.8 ± 97.2 pg/mL, respectively); however, CSF p-Tau 181 showed no statistical difference between preclinical AD patients and amyloid-negative normal subjects ( Table 2 ). All three CSF biomarkers defined and were related to the status of the AD spectrum (from normal to AD dementia) according to the IWG-2, with CSF Aβ 1-42 protein levels decreasing, and others increasing during AD progression (Fig. 2) . The analysis revealed that the neuropsychological tests were similar between the amyloid-positive and -negative subjects in each of the three groups (normal, aMCI, AD dementia) (online suppl. Table 1 ; for all online suppl. material, see www.karger.com/doi/10.1159/000496920).
CSF Biomarkers between Prodromal AD and Amyloid-Negative aMCI Patients in the aMCI Group, and between Amyloid-Positive AD Dementia Patients and Amyloid-Negative Normal Subjects
The analysis of CSF biomarkers revealed that they differed significantly between prodromal AD and amyloid-negative aMCI. We generated ROC curves to identify CSF biomarkers that differentiated the two groups. The cutoff values that yielded the best index for prodromal AD were 749.5 pg/mL for Aβ 1-42 , 225.6 pg/mL for t-Tau, 43.5 pg/mL for p-Tau 181 , 0.095 for Aβ 1-42 /Aβ 1-40 , 0.298 for t-Tau/Aβ 1-42 , and 0.059 for p-Tau 181 /Aβ 1-42 . The AUCs, the sensitivity, and the specificity of each CSF biomarker are shown in Table 3 . The ROC curve and AUC for prodromal AD and amyloid-negative aMCI are illustrated in online supplementary Figure 1 . The cutoff ratio indicative of prodromal AD from amyloid-negative aMCI was set at Aβ 1-42 /Aβ 1-40 < 0.095, t-tau/Aβ 1-42 > 0.298, and p-Tau 181 /Aβ 1-42 > 0.059 based on the amyloidosis with florbetaben PET (Table 3) .
We applied the cutoff values to differentiate preclinical AD patients (n = 14), prodromal AD patients (n = 27), and amyloid-positive AD dementia patients (n = 31) from normal amyloid-negative subjects (n = 73). The cutoff values for amyloid-positive AD dementia Aβ, beta-amyloid protein; AD, Alzheimer's disease; aMCI, amnestic mild cognitive impairment; AUC, area under the curve; CSF, cerebrospinal fluid; NPV, negative predictive value; PPV, positive predictive value; p-Tau 181 , tau protein phosphorylated at threonine 181; SE, sensitivity; SP, specificity; t-Tau, total tau protein.
Discussion
In this study, we aimed to evaluate the usefulness of CSF biomarkers for differentiating prodromal AD from amyloid-negative aMCI patients in a clinically diagnosed aMCI group, and to determine new cutoff values for CSF biomarkers between the two groups. The new cutoff values for differentiating prodromal AD from amyloid-negative aMCI for Aβ 1-42 (< 749.5 pg/ mL) and p-Tau 181 (> 43.5 pg/mL) showed good sensitivity and specificity; however, the difference in values of t-Tau and Aβ 1-40 was not significant to enable differentiating between the two groups. The ratios of Aβ 1-42 /Aβ 1-40 (< 0.095), t-Tau/Aβ 1-42 (> 0.298), and p-Tau 181 / Aβ 1-42 (> 0.059) also showed good sensitivity and specificity, and the combination values of Aβ 1-42 + p-Tau 181 and p-Tau 181 /Aβ 1-42 + t-Tau were more accurate than individual CSF biomarkers ( Table 3) .
CSF biomarkers have become accepted and adopted to varying degrees in clinical trials or the diagnosis of AD dementia worldwide. Previous studies focusing on CSF biomarkers have grouped MCI patients depending on the follow-up results, i.e., whether subjects had converted to dementia or not, instead of depending on amyloidosis at baseline. However, CSF biomarker studies of MCI patients depending on amyloidosis have been rarely reported. To our knowledge, this is the first report that allows differentiating individual with prodromal AD from amyloid-negative aMCI ones. Our findings will be helpful for selecting prodromal AD in clinically diagnosed aMCI groups, which are very heterogeneous. The correct prediction of the MCI outcome is an important point for the prevention of dementia and for opting for appropriate clinical trials that use new disease-modifying agents. The role of CSF biomarkers seems to be crucial in a routine clinical setting for MCI patients, and our results confirm this concept. Our results are expected to become increasingly important in the future.
We also determined new cutoff values for CSF biomarkers that differentiate amyloidpositive AD dementia patients (n = 31) from amyloid-negative normal subjects (n = 73). Our individual cutoff values for t-Tau (> 343.5 pg/mL) and p-Tau 181 (> 56.2 pg/mL) were similar to those reported in previous studies [34] [35] [36] , but that for Aβ 1-42 (< 618.4 pg/mL) was higher than that reported in previous studies (< 481-550 pg/mL) [34] [35] [36] . These findings may have resulted from the fact that our normal amyloid-negative group did not include amyloidpositive normal individuals that may have been included in previous studies. Many previous studies stated that the CSF biomarkers Aβ 1-42 , t-Tau, and p-Tau could differentiate between AD dementia patients and normal healthy controls as well as between the MCI conversion and MCI stable groups, on the basis of clinical diagnosis instead of the status of amyloidosis. Because of that, our data showed some different cutoff values of CSF biomarkers compared to those of previous studies.
We also analyzed CSF biomarkers between normal amyloid-negative subjects (n = 73) and preclinical AD patients (n = 14). Our results suggested that new cutoff values for CSF Aβ 1-42 (< 833.0 pg/mL) and t-Tau (> 253.5 pg/mL) provided good sensitivity and specificity for differentiating preclinical AD patients from the normal amyloid-negative group. The mean concentration of CSF Aβ 1-42 (1,047.5 ± 186.6 pg/mL, 643.0 ± 171.1 pg/mL), t-Tau (237.8 ± 97.2 pg/mL, 300.6 ± 132.0 pg/mL), and p-Tau 181 (46.2 ± 17.1 pg/mL, 55.1 ± 20.9 pg/mL) of amyloid-negative normal subjects and preclinical AD patients in our data ( Table 2) [37] . According to these results, there may be no racial differences of CSF biomarkers in cognitively normal subjects because of amyloidosis.
In this study, CSF biomarkers reflect the progression of AD, following each stage of the transition of normal elderly people to AD dementia (Fig. 2) .
The present study showed that the APOE ε4 allele frequency is highest in AD dementia patients among the three clinical diagnostic groups. It is also higher in the MCI group than in normal elderly people ( Table 1 ). The APOE ε4 frequency in the prodromal AD group is similar to that in the amyloid-positive AD dementia group. On the other hand, the APOE ε4 frequency in amyloid-negative aMCI patients is similar to that in amyloid-negative normal subjects ( Table 2 ). Previous studies reported that there was a significant association of APOE ε4 allele and late-onset AD, and the APOE ε4 frequency was significantly higher in sporadic AD patients than in controls [38] . APOE ε4 is a very strong risk factor for AD in the cohort study and lowers age at onset of late-onset AD significantly [39] . The APOE ε4 allele is associated with the molecular pathway that promotes late-onset AD [40] and is a risk factor not only for lateonset AD, but also for early-onset AD [41] . Our results showed that the APOE ε4 allele also bears strong association with amyloidosis in preclinical AD and prodromal AD as well as AD dementia, and that it is a strong predictor of amyloidosis in patients with aMCI and preclinical AD. Our findings are important for ongoing and future clinical trials involving participants with prodromal AD.
Overall, cognitive performance on all tests did not distinguish prodromal AD from amyloid-negative aMCI in the aMCI group (online suppl. Table 1 ). This result suggests that Aβ depositions are not severe enough to affect cognitive function or are compensated by brain changes in patients with aMCI.
Conclusion
When considering the sensitivity, specificity, reliability, costs, and invasiveness of different biomarkers, we propose that the described CSF biomarkers be used as a first-line choice for the differentiation of prodromal AD in clinically diagnosed aMCI patients or for selecting very early AD dementia to be treated with the new disease-modifying agents.
